To investigate whether phospholamban gene (PLN) mutations underlie patients diagnosed with either arrhythmogenic right ventricular cardiomyopathy (ARVC) or idiopathic dilated cardiomyopathy (DCM).
Introduction
Idiopathic dilated cardiomyopathy (DCM) and arrhythmogenic right ventricular cardiomyopathy (ARVC) are clinically heterogeneous diseases of the myocardium, associated with mechanical and/or electrical dysfunction. 1 Clinically, ARVC is characterized by ventricular arrhythmias, predominantly from the right ventricle, and sudden cardiac death (SCD), often preceding structural changes. 2 -5 DCM, on the other hand, is characterized by left ventricular (LV) contractile dysfunction and progressive heart failure, with arrhythmias often being present but less prominent. 6 The management strategies of ARVC and DCM therefore differ. For ARVC, the aim is to prevent SCD and ventricular tachycardia, by using an implantable cardioverter defibrillator (ICD) or antiarrhythmic pharmacological treatment. 3 The management of DCM is mainly directed at treating heart failure symptoms and preventing disease progression and related complications. 6, 7 ICD implantation as primary prevention is recommended in patients in New York Heart Association (NYHA) functional class II or III, who are receiving optimal medical therapy and have an LV ejection fraction ≤ 30 % (American College of Cardiology/American Heart Association; ACC/AHA) or ≤ 35 % (European Society of Cardiology; ESC). 7, 8 Although considered separate entities by both the AHA and the ESC, 1, 9 DCM and ARVC have overlapping clinical features. Classic ARVC shows primarily right ventricular (RV) involvement. However, histopathological and functional LV involvement is present in 76-84 % of ARVC patients. Also left-dominant forms exist, leading to the postulation that left-dominant arrhythmogenic cardiomyopathy is a separate entity. 10, 11 Finally, at the molecular level (desmosomal proteins, gap junctions), both ventricles are affected in a similar way in ARVC. 12 The principal discriminating feature of left-dominant arrhythmogenic cardiomyopathy from DCM would be the predisposition to ventricular arrhythmias in early stages of the disease, disproportionate to the morphological abnormalities and impaired systolic function. 5, 11, 13 Conversely, deteriorating RV function is a strong predictor of worse outcome in DCM. 14 Comprehensive screening of desmosomal genes in ARVC patients has identified pathogenic mutations in 40-58 % of clearly affected patients. 15 -17 Given the clinical overlap between ARVC and DCM, we focused on non-desmosomal genes known to lead to DCM with an arrhythmogenic phenotype and which could potentially explain genetically unsolved ARVC cases. So far, mutations in . 30 different genes have been reported to cause DCM, 6, 18 including the gene encoding phos- 24 For ARVC, recently modified task force criteria were used. 25 Two patients who did not fulfil the modified criteria because histomorphometric analyses of myocardial tissue had not been performed were nonetheless considered as having ARVC, since they were previously diagnosed with ARVC, based on original task force criteria. The study complied with the Declaration of Helsinki and was approved by the local institutional review committees, and informed consent was obtained from all participants.
Electrocardiograms
Electrocardiograms from index patients and their relatives were analysed and interpreted in a blinded fashion by two cardiologists (R.A.d.B and M.P.v.d.B.). Low voltage on the ECG was defined as the QRS peak to peak amplitude in leads I, II, and III being , 0.5 mV.
Genetic analysis
Genomic DNA was isolated from peripheral blood samples according to standard protocols. Bidirectional direct sequencing of the coding region of PLN was performed in all index patients using a BigDye Terminator DNA sequencing kit (version 2.0) on a 3730 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). To assess the prevalence of PLN mutations in a US cohort, 46 desmosomal gene-negative ARVC index patients were screened. A total of 473 anonymous ethnically matched controls were also screened. Nine microsatellite markers around PLN were selected for haplotype analysis. Primers and conditions are available upon request. The availability of DNA of relatives enabled the verification of the phase and reconstruction of haplotypes. Haplotype analysis was also performed in previously described DCM families from Greece and Germany. 22, 23 The method described by Machado et al. was used to calculate the age of the haplotype. 26 Besides PLN analysis, DCM index patients were screened for mutations in the most frequently mutated genes in DCM: LMNA, MYH7, and TNNT2. All ARVC index patients were also screened for mutations in PKP2, DSC2, DSG2, DSP, and JUP. Primers and PCR conditions are available upon request.
Immunohistochemistry and histology
Formalin-fixed, paraffin-embedded myocardium samples were available from a subset of the ARVC and DCM patients carrying a PLN mutation and were used for immunohistochemical staining. Samples were analysed and interpreted in a blinded fashion. Information regarding antibodies and immunohistochemical protocols has been described P.A. van der Zwaag et al.
before.
12 Available complete hearts from transplant procedures or autopsies were analysed for signs of lipofibromatosis. ). None of the 39 R14del+ DCM patients had a mutation in LMNA, MYH7, or TNNT2, and none of the 12 R14del+ ARVC patients had a mutation in PKP2, DSC2, DSG2, DSP, or JUP. In addition, one of 46 (2 % ) ARVC index patients from the USA also carried the PLN R14del mutation.
Statistical analysis
Haplotype analysis was performed in 36 (71 % ) of the Dutch R14del+ index patients, the patient from the USA, and in published Greek and German DCM families. 22, 23 A shared haplotype for five markers in a 1.2 Mb region surrounding PLN was found, although in two patients either the size of one or more markers had changed or a recombination had occurred. The parental ancestry of the R14del+ patient from the USA was German/Norwegian. The Greek patients had a different haplotype (see Supplementary material, Table S1 ). Allowing 25 years per generation, the age of the haplotype containing the mutation is estimated to be between 575 and 825 years old.
Clinical data
Detailed clinical data of all 52 R14del+ patients (51 Dutch, 1 American) are given in the Supplementary material, Table S2 . Twenty-nine (56 % ) were female, the mean age at presentation was 44.3 + 12.6 years, and mean follow-up was 9.2 (range 0 -26) years. The R14del+ index patients mainly presented with ventricular tachycardia/fibrillation (VT/VF) (n ¼ 18), heart failure (n ¼ 11), or syncope (n ¼ 3), or were identified after family screening following SCD (n ¼ 7). Notably, three of five patients who presented with VF were younger than 30 years old. Table 1 lists the ARVC and DCM criteria for all 52 R14del+ index patients. When evaluating retrospectively, five R14del+ patients diagnosed with DCM had a borderline diagnosis of ARVC (i.e. one major and one minor or three minor criteria) and 12 had a possible diagnosis of ARVC (two minor criteria) at the time of DCM diagnosis. A criterion for abnormal repolarization was present in 23 (59 % ) and a criterion for arrhythmia in 22 (56 % ). A description of arrhythmias present at baseline in R14del+ DCM patients is given in the Supplementary material, Table S3 . In summary, a sustained or nonsustained VT or VF was present at baseline in 18/39 (46 % ). In addition, although this is not an ARVC criterion as such, 15 (38 % ) R14del+ DCM patients showed RV dilatation. At the time of ARVC diagnosis, four R14del+ ARVC patients had impaired LV systolic function; none of them had LV dilatation. A clinical diagnosis of DCM was made in family members of 21 of 39 (54 % ) DCM index patients, whereas in family members of 2 of 13 (15 % ) ARVC index patients a clinical diagnosis of ARVC was made. None of the DCM index patients had a family member with the clinical diagnosis of ARVC; one ARVC index patient had a parent diagnosed with DCM. The average age of the 26 family members who died of SCD was 37.7 years. Details on family history are given in the Supplementary material, Table S4 .
For both the DCM and ARVC groups, R14del+ index patients did not differ from R14del-index patients regarding age at presentation or sex (data not shown). Figure 1 shows their arrhythmiarelated characteristics. Compared with R14del-DCM patients, R14del+ DCM patients more often had a positive family history for SCD below age 50 in first-and second-degree relatives and more often experienced an appropriate ICD discharge. Furthermore, R14del+ DCM patients more often underwent cardiac transplantation (18 % vs. 2 % , P , 0.001).
Within the ARVC group, R14del mutation carriers had more severe arrhythmia characteristics, yet these were not statistically significant when compared with non-carriers. Comparing R14del+ DCM patients with R14del+ ARVC patients did not reveal differences in these parameters.
Electrocardiograms
In 46 % of PLN R14del+ index patients, a low voltage ECG at baseline was found. Inverted T waves as listed in the modified task force criteria for ARVC 25 were present in 29 (57 % ) patients;
19 of them showed inverted T waves in the left pre-cordial leads (V4-V6) (Supplementary material, Table S5 ). Holter monitoring was performed in 40 R14del+ index patients; . 500 ventricular extrasystoles per 24 h, another diagnostic ARVC criterion, were present in 26 (65 % ).
Immunohistochemistry and histology
Immunohistochemistry revealed absent or markedly reduced immunoreactive signal levels for the desmosomal protein plakoglobin at intercalated disks in 5 of 7 (71 % ) R14del+ ARVC samples. However, only 1 of 9 (11 % ) R14del+ DCM samples showed depressed signal levels (P ¼ 0.03) ( Figure 2 , Table 2 ). An overview of reported histological findings in RV biopsies from PLN R14del index patients are given in the Supplementary material, Table S6 .
Discussion
The distinction of DCM and ARVC as separate clinical entities, which is made by both the AHA and the ESC, 1,9 has important implications for clinical practice, guiding both diagnostics and treatment. However, the considerable overlap encountered between different disease subtypes is an inevitable limitation of any classification. 1 The main finding of this study is that patients clinically la- A definite diagnosis of ARVC is fulfilled by the presence of two major, or one major plus two minor criteria or four minor criteria from different groups. Borderline diagnosis: one major and one minor or three minor criteria from different categories; possible diagnosis: one major or two minor criteria from different categories. 25 The diagnosis of DCM is based on the presence of two major criteria (i) LVEF , 45 % and/or FS , 25 % , and (ii) LVEDD . 117 % of the predicted value corrected for age and body surface area. The diagnosis of familial DCM is made in the presence of ≥2 affected individuals in a single family or in the presence of a first-degree relative, with well documented unexplained sudden death at , 35 years of age. Members of families with familial DCM are considered affected in the presence of the major criteria or LVEDD . 117 % + one minor criterion or three minor criteria. 
Figure 2
Immunofluorescence images of endomyocardial biopsy samples from two patients (A01 and A04) diagnosed with arrhythmogenic right ventricular cardiomyopathy (ARVC) and one (D10) with idiopathic dilated cardiomyopathy (DCM), all carrying the PLN (phospholamban gene) R14del mutation, compared with a control sample. Representative images from a blinded analysis of endomyocardial biopsy samples show that immunoreactive signal levels for plakoglobin in two subjects with ARVC differ from the signal levels in a control subject and a subject with DCM. N-cadherin serves as a tissue control marker. Numbers in parentheses correspond to the subject numbers in the Supplementary material, Table S2 .
abnormalities (fibrosis), and premature death, recapitulating the phenotype of the family they described.
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As PLN is a Ca 2+ -ATPase regulator, Ca 2+ homeostasis might play an important role in the pathogenesis in R14del+ patients. Ca 2+ regulates the assembly and disassembly of the desmosome:
it is likely that both extracellular and cytoplasmic Ca 2+ levels are important for cell-cell junction formation. 27 Superinhibition of SERCA2a activity by mutant PLN leads to reduced Ca 2+ uptake into the sarcoplasmic reticulum, 22 which could consequently result in desmosomal disassembly due to elevated cytoplasmic Ca 2+ levels and/or impaired Ca 2+ homeostasis.
Phenotype of R14del mutation carriers
The R14del mutation has previously been associated with a low voltage ECG, 23 which was also present in 46 % of the R14del+ index patients described in this study. The substrate for these low voltage ECGs and the observed arrhythmogenic phenotype may be the presence of cardiac fibrosis, which was a frequent finding at histological examination and has also been found in the R14del mouse model.
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When compared with non-carrier DCM patients, patients diagnosed with DCM carrying PLN R14del exhibit an arrhythmogenic phenotype. This is reflected by high rates of VT/VF as a presenting symptom, appropriate ICD interventions, and positive family history for premature SCD. In addition, more R14del+ DCM patients underwent cardiac transplantation compared with R14del-DCM patients, further attesting to the malignancy of this mutation. R14del+ patients diagnosed with ARVC showed a severe arrhythmogenic phenotype comparable with that of non-carrier ARVC patients.
Two different diagnoses or a single entity?
In cardiological practice, the diagnostic label of either DCM or ARVC is often determined by the initial presentation, e.g. heart failure symptoms or arrhythmias, and this was probably also the case in the patients presented in this study. Those presenting with symptomatic ventricular arrhythmias were probably analysed with ARVC in mind, whereas patients with asymptomatic arrhythmias could have progressed towards heart failure and were more likely to be diagnosed as DCM. Ventricular ectopy and nonsustained VT could have been asymptomatic, and not all patients diagnosed with DCM underwent Holter monitoring to detect arrhythmias. Follow-up by either an electrophysiologist in the case of an ARVC diagnosis or a heart failure-oriented cardiologist in the case of a DCM diagnosis may have led to findings that seemed to confirm whichever diagnosis was first considered. However, in retrospect, a clear overlap was already present at the time of diagnosis ( Table 1) . In addition to similar arrhythmia-related characteristics (Figure 1) , five R14del+ DCM patients had a borderline diagnosis of ARVC and 12 had a possible diagnosis of ARVC at the time of DCM diagnosis. Moreover, RV dilatation was present in 15 (38 % ) R14del+ DCM patients. Conversely, four R14del+ ARVC patients had impaired LV systolic function. These clinical findings suggest a single yet variable disease entity rather than two separate diagnoses, which is in agreement with the finding of a single underlying mutation, i.e. PLN R14del. Taken together, our results support the concept of 'arrhythmogenic cardiomyopathy' as an entity encompassing ARVC, including left-dominant arrhythmogenic cardiomyopathy, and arrhythmogenic forms of DCM.
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Immunohistochemical differences
Within this PLN R14del-related arrhythmogenic cardiomyopathy spectrum on the immunohistochemical level, samples from PLN R14del+ patients diagnosed with ARVC showed reduced plakoglobin signal levels in the majority (5 of 7) of cases, which is compatible with previous observations in ARVC, 12 whereas only one of nine R14del+ patients with a clinical diagnosis of DCM showed identical findings (P ¼ 0.03). Diminished plakoglobin signal at intercalated disks appears to track with the ARVC phenotype rather than genotypes. Other unknown genetic, epigenetic, or environmental factors, such as strenuous exercise, may either cause reduced plakoglobin levels, guiding the phenotype towards ARVC-related manifestations (and diagnosis), or, alternatively, these factors lead to a more arrhythmogenic phenotype resulting in a clinical diagnosis of ARVC and secondary reduced plakoglobin levels. We have excluded the co-occurrence of mutations in desmosomal genes in the ARVC patients as a cause for the reduced plakoglobin levels. Failure of plakoglobin to localize correctly in ARVC suggests a final common pathway in which desmosomal instability, caused by mutations in genes encoding either desmosomal proteins or other proteins such as PLN, leads to a subcellular redistribution of plakoglobin, which is believed to play a pivotal role in altered signalling pathways.
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Implications for diagnostics and therapy
By providing evidence for the concept of arrhythmogenic cardiomyopathy, our results may have important diagnostic implications. The modified task force criteria for ARVC diagnosis are not designed to discriminate between different cardiomyopathy subtypes and do not contain a criterion for LV involvement, with the exception of inverted T waves in V4-V6, 25 while RV involvement is not included in the criteria for DCM. 24 . We therefore call for the formulation of criteria for the diagnosis of arrhythmogenic cardiomyopathy, encompassing ARVC and arrhythmogenic forms of DCM. Regarding the therapeutic implications, the ESC's 2008 heart failure guidelines recommended ICD implantation for primary prevention in non-ischaemic cardiomyopathy, to reduce mortality in patients with an LV ejection fraction ≤ 35 % , in NYHA functional class II or III. 8 In our cohort, 44 % of R14del+ DCM patients carrying an ICD had experienced an appropriate shock. This warrants caution with R14del+ DCM patients with a relatively preserved LV function (.30 -35 % ).
Study limitations
As mentioned above, in DCM patients, RV function and arrhythmias were not systematically investigated, as was the case for LV function in ARVC patients, reflecting everyday clinical practice. In addition, the included patients had all been referred to tertiary referral centres, thus possibly reflecting the more severe end of the disease spectrum. Family members were not systematically investigated in this study.
Global relevance
We identified the PLN R14del founder mutation in a substantial percentage of Dutch ARVC and DCM patients (12 % and 15 % , respectively), and were able to confirm this in an ARVC patient from the USA. The haplotype containing this mutation was estimated to be . 575 years old, showing that all R14del+ mutation carriers are distantly related, and was also present in patients from the USA and Germany. In addition, emigration of Dutch mutation carriers in the 19th and early 20th century, not only to the USA but also to Canada, South-Africa, Australia, and New Zealand, could have resulted in R14del mutation carriers on multiple continents.
Conclusion
This is the first study to describe a role for PLN in ARVC. R14del+ patients diagnosed with DCM showed an arrhythmogenic phenotype. These findings support the concept of 'arrhythmogenic cardiomyopathy'.
Supplementary material
Supplementary material is available at European Journal of Heart Failure online.
